PRINCIPLES OF HAEMODIALYSIS
The principle of dialysis is simple. A semipermeable membraneÐthe peritoneum or a synthetic materialÐ separates blood from a solution resembling normal extracellular¯uid. Electrolytes and small molecules such as urea will diffuse across the membrane according to their respective concentrations. In addition, if the dialysate is hyperosmolar in relation to blood, water will cross to the dialysate. For these processes to be ef®cient the blood must circulate continuously across the surface of the membrane and the dialysate must be kept in constant motion.
THE KOLFF ARTIFICIAL KIDNEYÐ THE PROTOTYPE 3
The ®rst successful machine was constructed in Kampen (Province of Overijssel, Netherlands). The membrane was a tube of cellophane 30 m long and 25 mm in diameter with a surface area of approximately 2 m 2 Ðsimilar to that of the glomeruli. Cellophane was ideal since it was not only semipermeable but also¯exible and impervious to bacteria and viruses and of constant composition and thickness. The tubing was wound around a corrugated aluminium cylinder approximately 0.4 m in diameter and 0.9 m in length ( Figure 2 ). The cylinder had two hollow stub axles mounted on bearings which permitted rotation at thirty to sixty revolutions per minute by a geared electric motor. The purpose of allowing the drum to rotate was twofoldÐ ®rst, to ensure that at any one instant the blood circulating in the cellophane tubing would be of small volume and, second, to keep the dialysate in constant motion. As the drum rotated, blood sank to the lowest point, partly by the action of gravity and partly because the tube was helical. If Figure 2 The ®rst arti®cial kidney the drum had been stationary the patient would have exsanguinated into the machine (total volume of tubing 16610 73 m 3 , total blood volume of an adult 5610 73 m 3 ).
The outer end of each stub axle was ®tted with a rotating coupling so that when the connection to the cellophane tube rotated, the outer tubes (the blood lines) remained stationary. The cylinder, complete with dialysis tubing, ®tted into an enamel tank so that about the lower third was immersed in the dialysate. Initially 70 L of the dialysate was used and kept at 378±398C. The volume was later increased to 100 L to ease the calculation of concentrations. After thorough cleaning the apparatus was assembled and the patient circuit was ®lled with the antiseptic hydroxyquinoline sulphate. Before use the disinfectant was washed out with saline and all air was expelled.
TECHNIQUE FOR DIALYSIS IN MAN
Of the various techniques tried, we describe that used on the ®rst patient. To prevent clotting a loading dose of 400 mg heparin (52 000 units) was given to the patient intravenously and the same dose was added to the patient circuit. During dialysis 100 mg (13 000 units) was given every half-hour. The initial procedure was to remove small volumes of blood from the patient, dialyse this and then return the blood via the same venous cannula. This process is readily understood from Figure 3 . The patient's blood (P) ows by gravity into a burette (B). Clamp C is then closed and clamp C 1 is opened. The burette is raised (B 1 ) and the aliquot of blood is run into the dialyser (D) via a rotating coupling (R); both clamps are closed. After dialysis the blood is run into the burette (C 1 opened, C closed) and then returned to the patient (C 1 closed, C opened). Thē ow and pressure of blood in the tube could be observed through a cellophane window (W).
THE FIRST PATIENT
A single woman aged 29 years complained of failing vision and was found to have papilloedema, retinal haemorrhages and exudates. In addition, she had the symptoms of chronic uraemia with hypertension. The urine contained albumin and blood. On admission to the Kampen Hospital on 16 March 1943, the additional signs were epistaxis, anaemia, uraemic breath, cardiac enlargement with gallop rhythm and lung crepitations. The blood urea was now 27 mmol/L. She improved after transfusion of red cell concentrate. Dialysis was started on the day of admission and was repeated on twelve occasions; Table 1 shows the composition of the dialysate. Darrow's interstitial salt solution was used initially (consisting of sodium chloride, sodium bicarbonate and potassium chloride) 5 was added to the bath water for dialyses seven to twelve. Glucose prevented haemolysis and may have avoided the encephalopathy that can result from abnormal gradients across the blood±brain barrier. The glucose diffused into the patient's blood and maintained the serum osmolarity, at least for a few hours. Potassium was omitted except for dialyses one, ®ve and six since it was realized that the blood potassium level would be high in this patient. This completely new treatment was applied cautiously, with dialyses of only 0.5 L blood at the start in 50 mL aliquots. This method of fractionated dialysis was slow and laborious, and was only used for the ®rst six dialyses. Thereafter, continuous dialysis was used, which allowed treatment of larger blood volumes in less time. The biggest fall in blood urea (from 54 to 39 mmol/L) occurred after dialyses nine and ten when the volumes dialysed were 20 L and 18 L, respectively. When no more functional veins were available an artery was cannulated but this gave only brief access and the twelfth dialysis was aborted. The patient died seven days later. At necropsy both kidneys were shrunken with widespread glomerular degeneration and marked thickening of the arterioles and capillaries.
The response to dialysis is summarized in Table 2 . The clinical improvement, especially when larger volumes were dialysed, was dramatic:`she was strikingly well and her mind was perfectly clear' 3 . The patient's vision also improved so that`she could read the paper without any dif®culty' 3 . The ®rst demonstration that severe uraemia could be controlled was immensely satisfying to the medical team. There were, however, distressing`complications' (see Table 2 ), some of which were avoidable in the future and the solution to repetitive vascular access had to wait many years. This seminal advance in the treatment of renal failure became a joint publication with the director of the Kampen Enamel Works (where the prototypes were constructed), a senior nurse and other hospital staff 3 .
The Kolff rotating cylinder arti®cial kidney was manufactured commercially by the Isifroid company of Boulogne. The ®rst person whose life was saved by the arti®cial kidney was the seventeenth patient to be dialysed, on 11 September 1945 6 and the ®rst successful haemodialysis in the UK was carried out in 1946 by Dr E G L Bywaters at the Hammersmith Hospital, London, using one of the four arti®cial kidneys built in 1944 ( Figure 4 ).
